Summary
The proliferation/differentiation balance of stem and progenitor cell populations must respond to the physiological needs of the organism [1, 2] . Mechanisms underlying this plasticity are not well understood. The C. elegans germline provides a tractable system to study the influence of the environment on progenitor cells (stem cells and their proliferative progeny). Germline progenitors accumulate during larval stages to form an adult pool from which gametes are produced. Notch pathway signaling from the distal tip cell (DTC) niche to the germline maintains the progenitor pool [3] [4] [5] , and the larval germline cell cycle is boosted by insulin/IGF-like receptor signaling [6] . Here we show that, independent of its role in the dauer decision, TGF-b regulates the balance of proliferation versus differentiation in the C. elegans germline in response to sensory cues that report population density and food abundance. Ciliated ASI sensory neurons are required for TGF-b-mediated expansion of the larval germline progenitor pool, and the TGFb receptor pathway acts in the germline stem cell niche. TGF-b signaling thereby couples germline development to the quality of the environment, providing a novel cellular and molecular mechanism linking sensory experience of the environment to reproduction.
Results and Discussion

TGF-b Signaling Is Required for Normal Larval Accumulation of Germline Progenitor Cells
Transforming growth factor b (TGF-b) plays key roles in development, stem cells, and cancer [7] [8] [9] . The C. elegans TGF-b ortholog DAF-7 acts in the control of dauer formation (an alternate larval stage resistant to harsh environmental conditions) [10] (Figure 1A ), in physiology [11] , and in aging [12] . In these contexts, DAF-7/TGF-b activates the DAF-4 (type II) and DAF-1 (type I) receptor complex, followed by phosphorylation of R-Smads DAF-8 and DAF-14 and negative regulation of a DAF-3/DAF-5 transcriptional repressor complex ( Figure 1A) .
In RNA interference (RNAi) screens for genes affecting germline proliferation and differentiation, we identified daf-7, daf-1, and daf-4. RNAi depletion or mutation of these genes, or of the relevant daf-8 or daf-14 R-Smads, caused a reduction of up to w50% of the number of early adult germline stem/progenitor cells and of brood size (Figures 1B-1D ; see also Table S1 and Supplemental Experimental Procedures available online).
Time-course analysis, timed RNAi, and temperature-controlled experiments revealed that these genes regulate late larval (L3-L4) accumulation of germline progenitors ( Figures 1E-1G ).
TGF-b Requirement for Germline Progenitor Expansion Is Separate from Dauer Role
Loss of TGF-b signaling at the time of the dauer decision (late L1, early L2) causes a temperature-sensitive constitutive entry into the dauer stage, during which germline proliferation is highly restricted [13] . Therefore, we asked whether the reduced number of germline progenitors that we observed in the L3-L4 under nondauer growth conditions was separable from the effects of this pathway on dauer formation. Similar to what has been observed for the dauer phenotype, reducing daf-3 or daf-5 activity suppressed the daf-7, daf-1, daf-8, or daf-14 mutant phenotype, indicating that daf-3 and daf-5 are downstream targets of TGF-b signaling in both the dauer decision and the control of germline progenitor pool expansion ( [14] ; Figure 1H ). Unlike the dauer decision phenotype, however, TGF-b signaling for germline progenitor expansion did not require the nuclear hormone receptor DAF-12 ( Figures  1B-1D , 1H, and S1). In fact, the dauer-constitutive phenotype caused by mutations in daf-7 and daf-1 at 25 C was completely suppressed by loss of daf-12, but the germline defects were not suppressed ( Figures 1B and 1D ). This result differs from that seen with daf-2/insulin-IGF-like receptor, in which the germline proliferation defect in daf-2 mutants is suppressed by daf-12(RNAi) ( Figure 1H ). In addition, fewer proliferative germ cells were found when TGF-b signaling was reduced in L3 (well after the dauer decision) either by timed RNAi or upshift of mutants that exhibit temperaturedependent phenotypes ( Figures 1F and 1G) . No genetic interactions were observed between daf-12 and daf-5 (see Supplemental Experimental Procedures). These results indicate that the roles of TGF-b signaling in dauer formation and in germline expansion are genetically and temporally separable. In addition, unlike TGF-b signaling in life-span regulation [12] , daf-18/PTEN RNAi or daf-16/FOXO RNAi or mutation did not suppress the daf-7, daf-1, or daf-14 germline phenotype ( Figure S1 ). Therefore, TGF-b affects germline progenitors through a novel downstream pathway.
TGF-b Affects the Proliferation/Differentiation Decision in the Germline
How does TGF-b promote larval expansion of the germline progenitor pool? We investigated cell survival, cell cycle, and the balance between proliferation and differentiation as possible cellular mechanisms. We found no evidence for alteration in cell survival (see Supplemental Experimental Procedures). However, similar to mutants with reduced glp-1/Notch activity, germ cells in daf-7/TGF-b mutants cycle normally (see Supplemental Experimental Procedures) and enter meiosis closer to the distal tip than in the wild-type (22 6 0.4 versus 16 6 0.3 cell diameters in early adult daf-12 versus daf-7; daf-12 double at 25 C; n = 24). Furthermore, reducing daf-1 strongly enhanced the depletion of the proliferative zone caused by a partial loss of glp-1. Under conditions in which single glp-1/Notch and daf-1/TGF-bR mutants averaged 96 6 4 and 136 6 2 proliferative germ cells per gonad arm, glp-1;daf-1 double mutants averaged 42 6 3 cells (n = 70, 55, and 65, respectively; Figure 2A ). The distance to meiotic entry was correspondingly drastically reduced ( Figure 2B ). Enhanced penetrance of loss of the proliferative zone also occurred when daf-7 or daf-1 RNAi was combined with a mutation in lag-2, which encodes a ligand for GLP-1 ( Figure S2A ). Moreover, depletion of daf-3 or daf-5 restored the germline progenitor population in the glp-1;daf-1 double mutant to glp-1 levels (Figures 2C and S2B; Table S2 ). These effects of reduced TGF-b signaling contrast with our previous findings on the role of insulin/IGF-like receptor (IIR) signaling in promoting the accumulation of germline progenitors in which reduced IIR signaling slowed the cell cycle and did not enhance glp-1 [6] . Our analysis indicates that, in contrast to IIR, the TGF-b pathway acts similarly to GLP-1/Notch, by promoting the proliferative fate and/or interfering with differentiation without altering the cell cycle, and that the TGF-b pathway is dependent on daf-3 and daf-5 in this role.
The TGF-b Receptor and Downstream Components Act in the Distal Tip Cell
Given that daf-1, daf-8, daf-14, daf-3, and daf-5 are expressed in the distal tip cell (DTC) [15] [16] [17] [18] [19] , we asked whether the TGF-b receptor signaling pathway is required in the DTC to regulate germline progenitors. First we tested whether TGF-b signaling components were acting in the germline or soma. We found that the RNAi phenotypes of TGF-b pathway components required rrf-1 [20] , suggesting that TGF-b signaling functions in somatic tissues and not in the germline ( Figures 2D and  2E ). Next, we tested the requirement for daf-1 TGF-b receptor activity in the DTC. We drove expression of the daf-1 cDNA under three promoters that only overlap in DTC expression (lag-2 [21, 22] , cacn-1 [23] , and unc-5 [24] ) and found that this expression restored germline progenitors to the same extent as the daf-1 cDNA driven by its native promoter (Figures  2F and S2C; Table S2 ). In addition, daf-1(RNAi) restricted to lag-2-expressing cells (by expressing RDE-1(+) under the lag-2 promoter in an RNAi-deficient rde-1 mutant [25] ) caused the same defect as daf-1(RNAi) in an rde-1(+) background ( Figure 2H ; Table S2 ). These data support the conclusion that TGF-b receptor activity is required in the DTC. We also tested whether DAF-5, which is negatively regulated by TGF-b receptor activity, is also required in the DTC. We expressed a rescuing DAF-5::GFP fusion from the lag-2 promoter in the daf-5;daf-7 mutant and scored for antisuppression of the daf-7 mutant phenotype. We found that daf-5 driven from the lag-2 promoter reversed the suppression phenotype ( Figures 2F and S2C ), whereas daf-5 expressed in neurons, muscle, or hypodermis did not ( Figure 2G ), despite evident expression of the DAF-5::GFP transgene in the appropriate tissues. In addition, we confirmed that the neuronally expressed DAF-5::GFP interferes with suppression of the daf-7 Daf-c phenotype ( [15] ; Figure S2D ). Finally, we counted germline progenitors in animals mosaic for daf-5 in the DTCs. For this analysis, we examined both gonad arms of daf-5;daf-7 individuals representing four classes with respect to DAF-5:: GFP expression from the Plag-2::DAF-5::GFP transgene: those with GFP expression in both DTCs, in neither DTC (despite maintenance of the transgene in other cells), or in one or the other DTC (DTC mosaic animals). We found that expression of the Plag-2::DAF-5::GFP transgene in the DTC of a given gonad arm always correlated with fewer germline progenitors (the daf-7 phenotype) compared to gonad arms without DTC GFP expression (the daf-5;daf-7 phenotype) and that on average these germ cell counts correlated well with daf-7 and daf-5;daf-7 mutants, respectively ( Figure 2I ; Table S2 ). Thus, signal transduction by the TGF-b receptor through a downstream pathway component in DTCs is sufficient to promote germline progenitor accumulation.
TGF-b Signaling Affects Germline Progenitors Even in the Absence of GLP-1/Notch
In response to ligand production by the DTC, GLP-1/Notch signaling maintains proliferative germ cells. Therefore, one hypothesis consistent with our findings was that TGF-b receptor signaling in the DTC modulates the production or activity of the DTC-expressed ligands for GLP-1/Notch. If this hypothesis were correct, loss of TGF-b signaling should not alter the phenotype of a strain lacking GLP-1. In order to determine whether the consequences of TGF-b activity on proliferative cells required GLP-1, we had to circumvent the requirement for GLP-1 to prevent differentiation of all germ cells. We accomplished this by depleting TGF-b receptor activity in a mutant background in which proliferative germ cells are present despite the absence of GLP-1 (the triple mutant gld-2(q497) gld-1(q485);glp-1(q175) [26] ). We found that daf-1(RNAi) still reduced the number of proliferative germ cells in this background, comparable to its effect on the wild-type ( Figure 2J ). We also observed no change in the level of GLD-1::GFP in the germline or LAG-2::GFP in the DTC after daf-1 RNAi (however, see Table S1 legend). Together, these results suggest that the effect of the TGF-b pathway does not require GLP-1 and thus does not act by modulating Notch ligand activity in this context but rather acts in parallel with Notch signaling to inhibit differentiation.
Sensory Perception Regulates Germline Differentiation via TGF-b DAF-7/TGF-b is expressed primarily by the paired ASI ciliated chemosensory neurons. In the context of dauer, abundant (E) Time-course analysis of proliferative zone expansion in wild-type, daf-7, and daf-1 at early third larval stage (eL3), L3/L4 molt, mid-L4 (mL4), and early adult (eAd). (F-H) Number of nuclei in proliferative zone of (F) wild-type with control, daf-7, or daf-1 RNAi starting in L1 or L3; (G) wild-type, daf-7, and daf-1 before and after shift from 15 C to 25 C at eL3; and (H) wild-type, daf-2, daf-7, daf-1, daf-8, and daf-14 with RNAi (gray) or double mutant combinations (black) with daf-3, daf-5, or daf-12. Mutant alleles used were daf-1(m40), daf-7(e1372), daf-3(e1376), daf-5(e1386), daf-8(e1393), daf-14(m77), and daf-2(e1370). The daf-12(m20) allele was used except in (B) where rh61rh411 is noted (m20 encodes a premature stop codon that truncates three of four isoforms; rh61rh411 encodes a stop codon that conceptually truncates all four; WormBase release WS228). Error bars indicate SEM. ***p < 0.001 (two-tailed Student's t test) versus control, daf-12, wild-type, or as otherwise indicated (B, D, F, and G) and in daf-7, daf-1, daf-8, daf-14, and daf-2 single mutants versus combinations with daf-3, daf-5, and daf-12 (H). Also, p < 0.001 in (H) for each single mutant versus the wild-type. p > 0.05 for the daf-12 single mutant versus wild-type, for all combinations with daf-3 or daf-5 versus wild-type, and for single mutants (daf-7, daf-1, daf-8, and daf-14) versus each in double mutant/RNAi combination with daf-12. For all panels, pairwise comparisons were made in each case against the indicated control, even for those indicated by a horizontal bar. See Table S1 for precise numeric values. food and elevated dauer pheromone activate and inhibit daf-7/TGF-b reporter expression, respectively [27, 28] .
We conducted experiments to investigate the role of cilia, ASI neurons, and environmental cues on the expansion of the larval germline progenitor pool. We asked in each case whether anatomical or environmental manipulations would cause a daf-7-like germline phenotype that required daf-3 and/or daf-5. We found that genetic ablation of cilia resulted in fewer adult germline progenitors, and that this defect was largely suppressed by depletion of daf-3 or daf-5 ( Figure S3A ). Ablation of ASI neurons by laser microsurgery in the late L2/ early L3 stage caused a similar daf-5-dependent reduction in the number of proliferative germ cells ( Figure 3A ; Table S3 ). Although this L2/L3 ASI ablation did not cause as strong a phenotype as the daf-7 mutant (likely due to the timing of the ablation), the daf-7 phenotype is not significantly enhanced by ablation of ASI, further implicating a role for daf-7 in ASI.
The germline progenitor cell population was similarly reduced when we altered the environment of wild-type animals by elevating pheromone concentration or decreasing food abundance. Application of a crude dauer pheromone preparation in the L3 resulted in fewer germline progenitors. This defect was dependent on daf-5(+) activity and was not further exacerbated in the daf-7 mutant ( Figure 3B ). Similar results were obtained under conditions of low food abundance (Figure 3C) . We conclude that low pheromone levels and high food concentrations are required for proper larval expansion of the progenitor cell pool, and that this information is passed from ASI neurons to the DTC through TGF-b.
To explore further the role of daf-7 in ASI, we first investigated the expression of a Pdaf-7::GFP reporter [28] to determine whether it would respond to application of pheromone after the dauer decision opportunity had passed, i.e. in the L3. Consistent with this hypothesis, we found that dauer pheromone introduced in the L3 reduced the percentage of animals in which Pdaf-7::GFP expression was visible ( Figures S3B and S3C) .
Next, we asked whether the daf-7 cDNA expressed from an ASI-specific promoter, gpa-4 [29] , could rescue the daf-7 mutant phenotype and whether this expression interfered with the germline progenitor response to environmental cues. We found that expression of Pgpa-4::DAF-7 rescued the daf-7 mutant phenotype ( Figure 3C ), confirming that DAF-7 expressed from ASI alone is sufficient to properly expand the germline progenitor pool. We then examined the proliferative zone of daf-7 mutant worms with and without the Pgpa-4::DAF-7 transgene and in the presence or absence of abundant food ( Figure 3C ) or pheromone ( Figure S3D) . Remarkably, the germlines of daf-7 animals expressing the Pgpa-4::DAF-7 transgene were completely insensitive to the reduced concentration of bacteria ( Figure 3C) . A similar insensitivity to pheromone treatment was observed in daf-7 animals expressing the Pgpa-4::DAF-7 transgene ( Figure S3D ). Taken together, these results suggest that DAF-7/TGF-b is required for the sensory effects of pheromone and food on the germline progenitor pool, and that this requirement may be regulated at the level of daf-7 transcription.
Our experiments demonstrate a novel link between environmental sensory cues and reproductive stem cells via TGF-b. This control likely complements nutrient and/or metabolic responses to diet that influence stem cell proliferation in germ cells, possibly in response to insulin/IGF-like signaling [2, 30] . Our previous studies implicated insulin/IGF-like signaling in the expansion of the germline progenitor pool in C. elegans [6] . Similar to TGF-b, at least one of the relevant insulins is neuronally expressed. In contrast to the role of TGF-b receptor signaling, insulin receptor signal transduction is germline autonomous and acts to promote the larval germline cell cycle rather than the proliferative fate. In mammalian reproduction, olfactory chemosensory experience influences the production of key hormones such as GnRH that in turn influence reproductive behaviors [31, 32] .
Our studies define a cellular and molecular pathway from environment to neuroendocrine ligand production that signals to a noninnervated stem cell niche to influence reproduction. We propose a model (Figure 4 ) in which TGF-b coordinates the size of the adult germline stem cell pool with environmental conditions at a time when the animal is committed to a reproductive fate and the progenitor pool is capable of expansion [33] . In this model, low pheromone and abundant food stimulate ASI production of neuroendocrine DAF-7/TGF-b that then binds DAF-1 (and likely DAF-4) on the DTC to interfere with the activity of the DAF-3/DAF-5 repressor complex, also in the DTC. Subsequent changes in DTC transcription then promote germline proliferation and/or inhibit differentiation by a mechanism that acts in parallel with GLP-1/Notch. As a result, in favorable conditions, TGF-b promotes a larger stem cell pool to potentially generate a greater number of gametes and offspring, whereas in unfavorable conditions, the balance shifts toward differentiation, appropriately conserving resources. It will be of interest to determine whether similar pathways operate in mammalian stem cells and reproduction, and whether they employ TGF-b.
Experimental Procedures
Strains, Plasmids, and Transgenes Strains were derived from N2 wild-type (Bristol) and were handled using standard methods [34] . The following strains were generated for this study: GC1147 daf-1(m40);daf-3(e1376), GC1149 daf-5(e1386);daf-1(m40), GC1178 daf-7(e1372);daf-12(m20), GC1239 daf-7(e1372);daf-12(rh61rh411), GC1188 glp-1(e2141);daf-1(m40), GC1099 rrf-1(pk1417); daf-1(m40), and GC1248 daf-16(mu86);daf-7(e1372). The following plasmids and associated transgenic arrays were constructed for this study: pGC529 (C-J) Average number of proliferative zone nuclei in (C) glp-1 treated with control RNAi and glp-1;daf-1 double mutants treated with control or RNAi targeting daf-3 or daf-5; (D) wild-type or rrf-1(pk1417) with daf-7, daf-1, daf-8, or daf-14 RNAi (data from Figure 1B are reproduced here for comparison); (E) daf-1 or rrf-1;daf-1 treated with daf-3 or daf-5 RNAi; (F) late L4 (stage selected for optimal promoter activity) daf-1 and daf-5;daf-7 expressing daf-1cDNA::GFP or daf-5cDNA::GFP fusions driven by the indicated promoter (white bars are data from transgenic animals, and black bars are wild-type and daf-1 or daf-5; daf-7 nontransgenic); (G) daf-5;daf-7 double mutants expressing the daf-5cDNA::GFP fusion driven by the indicated promoter (white bars; dpy-7, F25B3.3, and myo-3, expressed in hypodermis, neurons, and muscle, respectively) and stage-matched siblings without the transgene (black bars); (H) wild-type and rde-1 expressing RDE-1 from the lag-2 promoter treated with control or daf-1 RNAi; (I) L4 stage daf-5;daf-7 expressing (black bars) or not expressing (white bars) Plag-2::daf-5cDNA::GFP in the anterior (left crescent in pair) and/or posterior (right crescent) DTC; and (J) gld-2(q497) gld-1(q485);glp-1(q175) treated with control or daf-1 RNAi. Mutant alleles used were daf-1(m40), rrf-1(pk1417), daf-5(e1386), daf-7(e1372), rde-1(ne219), gld-1(q497), gld-1(q485), and glp-1(e2141) in (A)-(C) and glp-1(q175) in (J). Error bars indicate SEM. ***p < 0.001, **p < 0.01, *p < 0.05, unmarked p > 0.05 (two-tailed Student's t test) for control versus targeted RNAi (pairwise for each experiment under horizontal bar in C-E), between transgenic versus nontransgenic comparisons in (F) and (G), and between posterior and anterior in (I). See Table S2 for precise numeric values and notes. Table S3 for precise numeric values.
for reported experiments was performed as described previously [6] . For L3 RNAi feeding, synchronized L1 larvae were grown at 15 C on OP50 until L3, washed, and put onto 20 C plates with HT115 carrying control or experimental plasmid. ''Control'' RNAi was the empty L4440 vector plasmid [35] . All RNAi results are pooled from at least two independent experiments.
Synchronization and Temperature Shifts
Parental worms were grown on OP50 at 15 C. Eggs were collected after hypochlorite treatment of gravid adults, washed twice in M9, and incubated on a platform shaker at 15 C overnight. L1 larvae were washed in M9 and transferred to 20 C HT115 plates. Alternatively, for data presented in Figures 1D and 1G and for data associated with daf-8 and daf-14 in Figures 1H, 3A , and S1, worms were synchronized by L1 hatch-off [36] . Unless otherwise indicated, all experiments were performed at 20 C. For temperature shifts, synchronized 15 C populations of L1 larvae were grown on OP50, transferred to 25 C at L3, and scored as early adults.
Microscopy, Time Course, Cell Counts, Mitotic Index, Brood Size, EdU Labeling, Cell Death Assays, and Antibody Staining Procedures were as described previously [6] . The proliferative zone is defined as the region adjacent to the DTC in which cell divisions can be observed; the proliferative zone ends at the first ring of nuclei bearing two or more crescent-shaped nuclei [26, 37] . Rabbit anti-HIM-3 antiserum (a kind gift from Monique Zetka, McGill University) was used at 1:500 dilution, and rhodamine-conjugated mouse anti-rabbit secondary (Invitrogen R6394) was used at 1:100.
Cell Ablations L1-synchronized wild-type larvae were placed on plates with daf-5(RNAi)-inducing or control RNAi bacteria and grown at 20 C for 24 hr (to the L2/L3 stage). Laser killing (Photonics Instruments MicroPoint laser system) of left and right ASI neurons was carried out as described previously [38] . Successful ASI ablation operations were verified by dye filling using DiI (Molecular Probes D282) 24 hr after ablation. Operated worms were placed back onto HT115 bacteria or OP50 and allowed to develop until adulthood. Unablated worms were handled in parallel and taken from slides with ablated worms.
Dauer Pheromone and Food Reduction Assays
Dauer pheromone preparation was as described previously [14] , except that the residue was resuspended in 2 ml of water per liter of worm culture. For each experimental condition, 100 ml or 20 ml ( Figure 3B left and right, respectively) was added to 2 ml NGM agar, the amount of each pheromone preparation that caused 100% of animals to enter dauer in a wild-type population at 25 C. Assays were performed as described in [39] at 25 C, with the following modifications: 50 mg/ml streptomycin and 50 mg/ml ampicillin were used for plasmid selection and to inhibit further growth of the bacteria. For bacteria growth and allocation, 20 ml of a 10% (w/w) S-basal suspension of E. coli strain OP50 (for mutant studies) or HT115 carrying control L4440 or daf-5(RNAi) plasmids was spotted onto the agar surface. Synchronized L3 worms were washed, distributed to 25 C plates, and analyzed as early adults. The food reduction assay was modified from [40] . OP50 or HT115 bacteria carrying L4440 or daf-5(RNAi) plasmids were serially diluted and resuspended in S-basal to inhibit bacterial growth. Indicated concentrations of bacteria were seeded onto NGM agar plates containing antibiotics as above. Synchronized L3 animals were placed on these plates and analyzed as early adults.
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